Semimembranosus and Semitendinosus muscles (one day after slaughter) were used to study intermittent thermal treatments of 4-20 and 4-25 C as an alternative method to reduce ageing time and improve beef tenderness. A number of samples thermostated at 4 C were used as the basis for comparison. The evolution of muscle tenderness with storage time was measured by the compression method using an INSTRON 4442 machine at 20% deformation. At the end of the thermal treatment process, weight loss in muscle was determined and a sensory evaluation of meat was carried out. It was found that intermittent thermal treatment reduced the ageing time by 50-70% in relation to studies done at 4 C. However, muscle weight loss was elevated, varying from 10 to 15% compared to 5% observed on the samples treated at 4 C. The results of the sensory evaluation indicated that meat tenderness treated at 4-20 and 4-25 C was comparable to samples treated at 4 C (p < 0.10).
INTRODUCTION
Tenderness of beef is one of the most important aspects of eating quality. [1] Immediately after the animal is killed, the muscle presents a considerable tenderness. However, this tenderness decreases rapidly as muscle enters rigor mortis and reaches a maximum of toughness when muscle contraction ceases. [2] [3] [4] Different tenderization techniques have been proposed and utilized by the meat industry. Ageing process (conditioning) is a traditional method used to improve meats tenderness. [5] [6] [7] Meat ageing involves the breakdown of the myofibrillar muscle proteins by endogenous enzymes, which convert the muscle into meat, resulting in improved meat tenderness, flavor and color. [8] For the ageing process, carcasses or half carcasses are stored for long periods (i.e., 1-2 weeks) at 4 C and at high relative humidity to reduce overall weight loss. [9] However, in developing countries, there is little interest in the meat industry in the ageing process, mainly because the process is expensive. The traditional process in Mexico involves cooling the carcasses for 24-48 h in order to attain a final meat temperature of 7 C before transportation or cutting. Therefore, the meat is distributed and consumed while muscle is reaching the maximum toughness. Another tenderization technique involves the use of proteolytic enzymes such as papaine, bromeline and ficine. Although the method is cost effective and fast, enzymes are believed to produce side effects in humans. [10] Therefore, there is considerable interest in methods that shorten ageing times with reduced processing costs that result in tenderized meat. These tenderization methods include calcium chloride or calcium lactate injections; [11] [12] [13] [14] [15] marinating treatment of muscle in solutions of acetic and lactic acid; [16, 17] carcass electrical stimulation; [18] [19] [20] [21] and/or storage at high temperatures (40 C). [22] The use of different temperatures applied during the installation of rigor mortis in bovine muscles has been also proposed by several authors. [23] [24] [25] [26] These authors observed that muscle tenderness is temperature dependent, at a maximum between 14 and 21 C and a minimum between 0 and 7 C. This behavior was attributed mainly to the prevention of cold shortening at 14-21 C and to an increase of sarcomere shortening at 0-7 C. However, studies on the effect of temperature on tenderness in post rigor bovine and porcine muscle are limited.
It was noted that in many of the studies mentioned previously, a reduction of the ageing time was possible. Nevertheless, the organoleptic properties of the meat were not absolutely satisfactory. Thus, novel tenderization methods with a reasonable maturation time of the muscle and an improvement in the quality of the meat are necessary. The aim of this study was to evaluate, as an alternative method to reduce the ageing time and to improve beef muscle tenderness, an intermittent thermal treatment process applied after rigor mortis.
MATERIALS AND METHODS

Animal and Sample Selection
Semimembranosus (SM) and Semitendinosus (ST) muscles from eight animals (3 years old, 450 AE 50 kg carcasses) of hybrid breed F1 (50% Bos taurus and 50% Bos indicus) were obtained 24 h postmortem from a commercial slaughterhouse. Six muscles SM and six muscles ST were obtained. Due to the destructive nature of the tenderness measurement (as described later), several parallelepipeds of approximately 10 Â 5 Â 4 cm were excised from each muscle, taking into account the longest dimension of the muscle fibres. These parallelepipedic samples were individually weighed and vacuum packed in polyethylene bags to avoid microbial growth.
Thermal Treatment of Muscle
Thermal treatment tests were carried out on the lots of samples with three different temperature-time profiles as shown in Fig. 1 . Two muscles (1 for SM and 1 for ST) were chosen for a constant thermal treatment at 4 C and used for comparison purposes. Another 2 muscles (1 for SM and 1 for ST) were used to evaluate intermittent thermal treatments at 4-20 C and another two (1 for SM and 1 for ST) for intermittent thermal treatment at 4-25 C. In all experiments, the samples were thermostated with a water bath. As thermal treatment proceeded, samples were removed for tenderness measurement. These treatments were continued until the final maximum stress of samples reached a range value of approximately 40-100 kPa. At the end of the thermal treatment process, muscle weight loss was determined and a sensory evaluation of the meat was carried out. Experiments were performed in duplicate for each muscle. A total of 12 runs were conducted ( Table 1) .
Evaluation of Meat Tenderness
For tenderness measurements, the method proposed by Lepetit and Buffiere [27] was used. First, all the samples were stabilized at a temperature between 18 and 20 C prior to analysis. For each experiment, at least 10 parallelepipeds of approximately 1Â1Â3 cm were excised from the original sample (parallelepiped of 10 Â 5 Â 4 cm). The samples were analyzed by compression with an Instron testing machine (Model 4442), up to 20% strain at a speed of 50 mm/min. The surface of the probe was 1 cm 2 . The compression was perpendicular to the muscle fibers so that samples could deform laterally only in the direction of the muscles fibers. In this work, the tenderness of samples was interpreted as the force (kPa) needed to stress the muscle at 20% deformation.
Determination of Weight Loss
At the end of the corresponding thermal treatment processes, the polyethylene bags containing the parallelepipeds samples (10Â5Â4 cm) were opened and drained. 
Sensory Evaluation of Meat Tenderness
Tenderness of treated muscle was also subjected to a sensory evaluation. The sensory analysis was carried out with a 12 semi-trained judges panel, between 25 and 30 years of age. Panelists were originally selected from 25 potential candidates after receiving 18 sessions of training. For the sensory evaluation, four different sessions on four different days were used. In the first and second sessions, the tenderness of SM muscles corresponding to Exp. 1, 3, 5 and Exp. 7, 9, 11, respectively was evaluated ( Table 1) . Three samples per session were used (1 treated at 4 C, 1 at 4-20 C, and 1 at 4-25 C). All the samples were cooked at 80 C for 90 min using a water bath. After cooking, the samples were cut in 2 cm 3 cubes and served in open recipients without the addition of any chemical component or dressing. Panelists scored the tenderness of meat after 5 chews using a ranking test with a 5 point scale, where 5 ¼ very tender and 1 ¼ very tough. In the third and fourth sessions, the same procedure and the same criteria were followed to evaluate ST muscles corresponding to Exp. 2, 4, 6 and Exp. 8, 10, 12, respectively ( Table 1) .
Mathematical Modeling of Maximum Stress Curve
A linear differential equation of first order (Eq. (1)), was used to determine the maximum stress rate of meat as a function of time (exponential decay): 
ORDER
REPRINTS
where S is the maximum stress expressed in (kPa) and k is a constant of proportionality (day À1 ). This coefficient has a physical meaning and, in this work, was considered as ''the ageing rate coefficient'' of muscle. There is an inverse relationship between k and the time necessary to age the muscle, i.e., an increase in k resulted in a decrease of the ageing time. Equation (1) was solved and an exponential model was obtained (Eq. (2)) to model the maximum stress of meat (S ) as a function of storage time for each experimental condition:
where t is the time (days) and S 0 is the initial value of maximum stress (kPa) at the time t ¼ 0. Equation (2) was fitted to the measurements by adjusting S 0 and k.
Statistical Analysis
Regression analysis was performed using Microsoft Excel 2000. A linear model (Eq. (3)) and a quadratic model (Eq. (4)) were used to evaluate the main effects of the independent variables (thermal treatment, type of muscle, and their replicate) on each of the response variables:
where y represents the response variables (ageing rate coefficient, weight loss, and sensorial tenderness), T is the thermal treatment variable (4, 4-20, and 4-25 C), M is the type of muscle (SM or ST muscle), B is the replicate, and A i ( i ¼ 0, 1, 2, 3) is the linear regression coefficient of the models.
RESULTS AND DISCUSSION
Experimental Results and Modeling of Maximum Stress Evolution with Storage Time
The variations of maximum stress (S ) for muscles ST and SM with storage time at different thermal treatments of 4, 4-20 and 4-25 C are shown in Figs. (2a-d) . Each experimental value represents the mean of at least 10 independent measurements. The estimated values (Eq. (2)) are also shown in these figures for comparison with the experimental data. The corresponding constants k and S 0 obtained with Eq. (2) and the coefficient of determination ( r 2 ) for each experimental condition investigated are shown in Table 2 . Figure 2 shows that the maximum muscle stress decreased continuously with storage time. In all experimental conditions investigated, the proposed model fitted the experimental data providing r 2 values higher than 0.8 (except for experiment 2, Table 2 ). From Figs. (2a-d) , it was evident that the decrease of S in samples treated at a constant temperature of 4 C was less pronounced than in that samples treated with the intermittent thermal treatment of 4-20 and 4-25 C. As an indication that muscle ageing was completed, a value of S between 40-100 kPa was considered in this work. The time needed to reach this S value with thermal treatment at 4-20 and 4-25 C was between 6-8 days, while at 4 C, more than 16 days were necessary. These results indicated that the time required for the ageing process of muscle was considerably reduced with intermittent thermal treatments. It is important to indicate that the evolution of S with storage time at 4 C in this work agreed with those reported by other authors when similar experimental conditions were used. [28] However, it is difficult to reach a definite conclusion on the behavior of maximum stress at different experimental conditions by simple observation of Fig. 2 . Therefore, a statistical analysis based on the ''ageing rate coefficient'' ( k) was carried out to identify the influence of process variables with a significant level of 90% ( p < 0.10). Regression analyses with a linear model (Eq. (3)) and with a quadratic model (Eq. (4)) were used. The coefficient of determination ( r 2 ), the levels of significance p(t) (t-student probability) of the constant, and regression coefficients and p(F ) (Fisher probability) of the model were used as the primary criteria to determine the goodness of fit of each equation. The regression coefficients for both models and their respective analyses of variance (ANOVA) are shown in Table 3 . The linear model showed that the factor having greater significance on the value of k was the thermal treatment. The level of significance of the coefficient A 1 was p(t) ¼ 0.0109, whereas the type of muscle and its replicate were not significant. The results of Table 3 show that the highest value of r 2 and the lowest value of p(F ) were obtained with the quadratic model (0.6085 and 0.0147 respectively). Thus, it can be assumed that the quadratic model may be selected to represent the k behavior. Figure 3 represents the evolution of the ageing rate coefficient ( k) as a function of the thermal treatment. >From this Figure, it may be noted that the lowest values of k were obtained for experiments conducted at constant thermal treatment (4 C).
The predicted values of k with intermittent thermal treatment (4-20 and 4-25 C) were at least three times greater than the predicted values of k, with temperatures at 4 C. This model also indicated that above 4-25 C, there is an important decrease of k. The reason may be that, at T > 25 C, there is a denaturalization of the enzymes responsible for the degradation of proteins, and proteolysis is reduced. The general susceptibility of muscle proteins to denaturalization at temperatures above 35 C has already been shown. [29, 30] It would also be of interest to carry out ORDER REPRINTS experiments with intermittent thermal treatments at temperatures below 20 C. Therefore, the knowledge of the ageing rate coefficient ( k) supported this work, indicating that the ageing time of SM and ST muscles was reduced by 50-70% when intermittent thermal treatments at 4-20 and 4-25 C were used, in comparison with treatment at 4 C.
Muscle Weight Loss: Experimental and Predicted Values
A statistical analysis to select the best models, between Eqs. (3) and (4) was applied in this section, using the same procedure and criteria as those used in the analysis of k. Through this analysis, the influence of process variables on muscle weight loss was evaluated. The results of statistical analyses applied to these models are given in Table 4 . According to the linear model, weight loss was only influenced by the thermal treatment ( p < 0.10) based on the p(t) value of 0.0228 observed by the coefficient A 1 . However, a highest p(F ) value and a lowest r 2 value were obtained by using this model compared with the r 2 and p(F ) values calculated with the quadratic model (Table 4 ). Therefore, the quadratic model may be selected to represent the weight loss behavior of samples.
The predictive capability of the quadratic model can be observed in Fig. 4 . The analysis of this Figure together with experimental data (measured at the end of the ageing processes), showed that weight loss of samples was affected by temperature. As temperature increased, a corresponding increase of water loss in the samples was observed. Samples treated at 4 C showed a weight loss of approximately 4-5%. This percentage of weight loss was similar to values reported by Ambroasiadis et al. [31] and Lepetit et al. [32] for ageing of beef muscles over a period of 14 days at 4 C. However, muscle weight loss varied from 7-10% Table 4 Regression coefficients and variance analysis of the linear (Eq. (3)) and quadratic model (Eq. (4) to evaluate the effect of the thermal treatment conditions on the weight loss of muscles ( p < 0.10)
Regression coefficients of the models
Model ( to 15% when the muscles were treated at 4-20 and 4-25 C, respectively. Obviously, such high percentages in weight loss during the ageing process are detrimental from an economic point of view. Nevertheless, the values of weight loss predicted by the model are quite interesting, since they predict that, within a range of 4-10 and 4-14 C, the weight loss in muscle would be minimal. Honikel et al. [25] found that pre rigor bovine and porcine muscles exhibited minimum weight loss in storage at temperatures between 10-12 C, which they attributed to minimum shortening of sarcomere obtained at this temperature interval. These authors found that at temperatures below 6 C and above 20 C, there was an abrupt increase of sarcomere shortening and consequently an elevated weight loss. Under these conditions, the matrix shrinks and expels the water entrapped in the fibrillar network. The result is a release of water and a decrease in the water holding capacity of the meat. [33] It is likely that a similar phenomenon could explain the weight loss in muscle for the temperature interval considered in this study. Additional experiments to determine the weight loss and sarcomere length of muscles in the range of 4-10 and 4-14 C are necessary to confirm this assumption. experiments conducted with SM muscle were more homogeneous and varied between 3.20 (Exp. 5) and 3.81 (Exp. 1). However, it was found that the regression model (Eq. (3)) for the sensorial tenderness parameters was not significant at p < 0.10 (results not shown). The level of significance ( p(t) value) of all coefficients was greater than 0.6 and the p(F ) value (ANOVA) was 0.8782. It is evident that meat tenderness was not affected by the type of thermal treatment or by the type of muscle, and there were no significant differences between all the samples evaluated in this study. Therefore, the sensorial tenderness of meat treated either at 4-20 or 4-25 C would be similar to what one would expect to obtain for meat stored at 4 C, as in the normal ageing process (conditioning) used by the meat industry.
Sensorial Tenderness of Meat
CONCLUSIONS
This study showed that with the use of intermittent thermal treatments in post rigor bovine muscles, ageing time can be considerably reduced and meat with acceptable tenderness obtained. The effect of thermal treatment on the evolution of maximum stress of muscle with storage times could be explained by the ''ageing rate coefficient,'' k. This coefficient indicated that the ageing time of SM and ST muscle was reduced in the order of 50-70% with intermittent thermal treatment (4-20 and 4-25 C) with respect to samples treated at 4 C. However, the samples lost between 10 and 15% of weight with this tenderization method. Regarding the sensorial tenderness of meat, no significant effect of the thermal treatment was registered ( p < 0.10). The tenderness of the meat treated at 4-20 and 4-25 C was similar to reference samples treated at 4 C. This study also showed that further research on intermittent thermal treatments between 4-10 and 4-14 C is required. Figure 5 Tenderness scores for SM (Exp. 1, 3, 5, 7, 9, and 11) and for ST (Exp. 2, 4, 6, 8, 10, and 12) using a scale from 1 (very tough) to 5 (very tender).
